Inulinase from Kluyveromyces marxianus (KmINU1) has wide application in industrial biotechnology, and it is supposed that its expression is regulated at the transcriptional level via the promoter. Therefore, in this study, the KmINU1 promoter, fused to the reporter EGFP gene, was analyzed to determine its fundamental regulatory mechanisms in Saccharomyces cerevisiae S288C (ATCC 204508). Induction by inulin and repression by high glucose concentrations of KmINU1 promoters are reported, and the promoter with a length of 353 bp was shown to have the highest strength with the weakest responses to high glucose concentration. Responses of the KmINU1 promoter to carbon source were shown to be related to the Mig1 binding site extending from −496 to −485 bp. Hence, we propose clear regulation mechanisms of the inulinase promoter, which may provide a powerful theoretical reference for its application in protein production.
INTRODUCTION
Kluyveromyces marxianus, a sister species of Kluyveromyces lactis, contributes to industrial biotechnology in enzyme production, ethanol fermentation and protein expression (Fonseca et al. 2008; Lane and Morrissey 2010) . Differing from K. lactis, K. marxianus is able to convert inulin-containing materials to produce industrial products, relying on the hydrolase inulinase (EC 3.2.1.7).
The amount of inulinase in supernatant was reported to reach over 60% of total secreted protein (Zhang et al. 2003) . The inulinase promoter (KmINU1) is supposed to be a strong promoter, which may be certified by the efficient expression of inulinase by K. marxianus Y179. Expression of heterologous proteins such as α-galactosidase under control of the KmINU1 promoter in K. marxianus has been published previously (Bergkamp et al. 1993; Rocha et al. 2010) , and it was shown that the KmINU1 promoter possesses dramatically higher efficiency compared with the PGK promoter (Bergkamp et al. 1993) . In addition, strength or induction properties of the KmINU1 promoter were perceived to be fine-tuned by an appropriate carbon source (Fonseca et al. 2008) , which might be closely related to transcription factor binding to specific sites in the KmINU1 promoter.
We previously showed that the expression of inulinase in K. marxianus was induced by inulin (Gao, Chen and Yuan 2012) ; however, the molecular mechanism is still unclear. Yuan et al. (2008) reported a Zn(II)2Cys6 transcriptional activator (InuR) in Aspergillus niger that binds to a consensus sequence (CGGN 8 CGG) in the INU1 promoter and this might also apply to K. marxianus; on the other hand, we found that expression of inulinase was sharply down-regulated under high glucose concentration (Gao et al. 2015) , which was inferred to involve transcriptional repressors that directly bind to specific regions in the KmINU1 promoter, such as Nrg1 (Lee, Kang and Kim 2013) and Mig1 (Cassart et al. 1997; Yuan et al. 2006; Zhou et al. 2014) . A common transcriptional repressor in glucose repression, Mig1p (encoded by MIG1), in Saccharomyces cerevisiae has proved to be conserved in K. marxianus. When binding to the specific GC-rich sites (W 5 NSYG 4 ) in the KmINU1 promoter, Mig1p may repress inulinase expression (Cassart et al. 1997) , and inulinase activities were enhanced when the MIG1 gene was disrupted in K. marxianus (Zhou et al. 2014) .
Kluyveromyces marxianus has a long history of application in ethanol production and heterologous gene expression (Fonseca et al. 2008; Lane and Morrissey 2010; Radecka et al. 2015) . Unfortunately, a lack of better promoter control hinders its further development and application. Therefore, in this article KmINU1 promoters with different lengths, fused to the reporter EGFP gene, were analyzed to determine the functional regulatory elements related to glucose repression and inulin induction. Moreover, techniques such as deletion and site-directed mutagenesis were utilized to find regulatory elements in the KmINU1 promoter. A comprehensive understanding of regulation mechanisms may promote application of the KmINU1 promoter in biotechnology and provide a preferable reference for fundamental research in protein expression.
MATERIALS AND METHODS

Strains, media and growth conditions
Yeast cells were grown at 30
• C in YP (1% yeast extract and 2% peptone) medium with 2% glucose (YPD), 2% fructose (YPF) and 2% inulin (YPI). When required, concentrations of carbon sources were increased to 6% or 10%. Escherichia coli was cultivated at 37
• C in LB medium (0.5% yeast extract, 1% peptone and 1% sodium chloride). All strains used in this study are listed in Supplementary Table S1 . All constructed plasmids in Supplementary Table S1 were transformed into S. cerevisiae S288C by the LiAc/PEG method described by Gietz and Schiestl (2007) , and transformants were screened by YPD selective plates with 300 μg/ml geneticin (G418). Transformation of E. coli cells was by means of the CaCl 2 method (Cohen, Chang and Hsu 1972) . For screening the transformants, amplicillin (100 μg/ml) or kanamycin (100 μg/ml) was added into LB selective plates. Synthetic media containing 0.67% yeast nitrogen base and 2% glucose, supplemented with the appropriate amino acids, was used for the auxotrophy selection.
Plasmids construction
To construct an expression vector with the reporter gene EGFP and resistance gene KanMX4, pYES2.0 was used for DNA manipulation and cloning. The EGFP DNA fragment, amplified from pEGFP-C1 with primers eGFP-F and eGFP-R, and the KanMX4 DNA fragment, digested with NotI and EcoRI from pFA6a-kanMX4, were inserted into pYES2.0 (pJQ01).
KmINU1 promoters of different lengths were amplified by serial deletion with primers that are listed in Supplementary Table S2. Nine fusions of KmINU1 upstream regions extending from −1053 to −1 (P-1053), from −803 to −1 (P-803), from −553 to −1 (P-553), from −353 to −1 (P-353), from −173 to −1 (P-173), from −353 to −110 (P-353-110), from −353 to −160 (P-353-160), from −353 to −221 (P-353-221), and from −353 to −271 (P-353-271) to the reporter gene EGFP were made in the pJQ01 plasmid (pJQ02-pJQ10, Supplementary Table S1 ).
Internal deletion of the region extending from −553 to −353 was obtained by overlap PCR using oligonucleotides p803, p 553 and p353 (Supplementary Table S2 ). The amplified fragment, named P-553, was then fused to the pJQ01 plasmid with AgeI and KpnI to obtain pJQ03-553 (Supplementary Table S1 ). The constructions were verified by sequencing.
Directed mutagenesis
The KmINU1 promoter was supposed to contain two putative MIG1 binding sites, which extended from −163 to −152 and from −495 to −484, respectively (Cassart et al. 1997; Zhou et al. 2014) . Therefore, site-directed mutations were introduced into the two sites in the KmINU1 promoter by the overlap PCR procedure (Horton et al. 1989 ). p553, MIG1-553-R1, MIG1-553-F2 and p0 were used for construction of the pJQ04-MIG1 substitution, and P-353, MIG1-353-R1, MIG1-353-F2 and p+11 were used for construction of the pJQ05-MIG1 substitution. The constructions were verified by sequencing.
In silico analysis
Alignment was conducted by the National Center for Biotechnology Information (NCBI) Basic Local Alignment Search Tool (BLAST) software (http://clustalw.ddbj.nig.ac.jp/). All transcription factors were predicted and analyzed based on the Promoter Database of Saccharomyces cerevisiae (http://rulai. cshl.edu/SCPD/).
Fermentation of enhanced green fluorescent protein-containing strains at flask level
All the transformants were cultivated in 250 ml flasks with 100 ml working volume of YPD, containing the 100 μg/ml initial concentration of G418. To avoid invalidation of G418, 50 μg/ml G418 was supplemented every 12 h. Samples were withdrawn every 12 h throughout the fermentation period to determine the levels of fluorescence and biomass. The total period of fermentation was 60-72 h.
Fluorescence assays
Fluorescence of enhanced green fluorescent protein (eGFP) was determined by the optical density method in 96-well microtiter plates described by Afanassiev et al. (2000) . Briefly, a Varioskan R Flash Spectral Scanning Multimode Reader (Thermo, USA) was used to detect fluorescence intensities of yeast cells with an excitation wavelength of 485/10 nm and emission of 520/10 nm. Cells were collected by centrifugation at 8000 g, and then washed two times with PBS buffer to remove all possible autofluorescence background of the culture medium. Cells were resuspended in PBS buffer to an appropriate concentration. An immediate measurement was necessary to avoid fluorescence decay.
Cell mass concentration was determined using optical density at 620 nm as described previously (Gao, Chen and Yuan 2012; Gao et al. 2015) . The final eGFP expression levels were determined by the ratios of fluorescence intensities and cell mass concentration (OD 620 ) for each sample. Quadruplicate analysis was applied to both biomass and fluorescence intensities, and the mean values are given in the results.
RESULTS
Strength of KmINU1 promoters with different lengths
In order to investigate the strength of KmINU1 promoters, five different lengths of the KmINU1 promoter, P-1053, P-803, P-553, P-353 and P-173, were amplified by PCR and then inserted into the vector containing enhanced green fluorescence protein, which was then transformed into S288C (Supplementary Table S1 ).
As shown in Fig. 1 , there were apparent differences detected in the strength of KmINU1 promoters with different lengths. The changes of fluorescence intensities showed the same trends among the four promoters except for P-173. P-803 and P-353 demonstrated similar strength, which was obviously higher than that of the other two promoters (1.5 times higher than P-1053, 2 times higher than P-553). However, the strength of P-173 totally disappeared.
Effect of carbon sources on KmINU1 promoters
In spite of the differences in strength, fluorescence intensities of eGFP in S288C under the control of KmINU1 promoters with different lengths demonstrated similar trends in media containing glucose, fructose and inulin. KmINU1 promoters were generally induced by inulin, and the strength was 2 times higher than that in glucose or fructose. As predicted, comparison of the strength of glucose and fructose revealed no significant differences (Fig. 2a) .
Effect of glucose concentrations on KmINU1 promoters
With increased glucose concentrations, the four promoters (P-1053, P-803, P-553, P-353) were inhibited to a different extent in S288C. Generally, the strength of P-353 was less influenced by high glucose concentrations than the other three promoters. FigFigure 2 . Comparison of maximum fluorescence of KmINU1 promoters with different lengths under various types of carbon sources (a) or various glucose concentrations (b). White, P-1053; light gray, P-803; dark gray, P-553; black, P-353. Seed culture (1%, v/v) was inoculated into a 250 ml flask containing 100 ml of growth medium with 2% (w/v) sugars and 100 μg/ml G418. Cultures were incubated at 30 o C and 150 rpm under aerobic conditions. (n = 4, * P < 0.05, * * P < 0.01 vs glucose 20 g/l.) ure 2b shows the maximum fluorescence intensities of KmINU1 promoters with different lengths at various glucose concentrations. The inhibition effect of P-803 was strengthened with the increase of glucose concentration, which manifested as a partial repression at 60 g/l (strength was lower than that of P-353), and a complete repression at 100 g/l (similar to those of P-1053 and P-553). Though a reduction in the strength of P-353 under conditions of high glucose concentration was also seen, no remarkable effect was detected, especially at 60 g/l. Not surprisingly, it was observed that the strength of KmINU1 promoters, except for P-1053 at 60 g/l, gradually recovered after 24 h (data not shown), but the strength of P-1053 at high glucose concentration remained at a low level at all times.
Effect of the region from −553 bp to −353 bp on KmINU1 promoter strength
In comparison with the strength of P-803 and P-353 in Fig. 1 , the extremely low strength of P-553 might be attributable to the existence of multiple repressive sites located in the region from −553 bp to −353 bp. Therefore, we first carried out the internal deletion of this region to obtain the promoter named P-553 and tested its fluorescence intensities in S288C. As shown in Figure 3 . Effects of carbon source (a) and glucose concentration (b) on the strength of the KmINU1 P-553 promoter. White, P-803; gray, P-553; black, P-553. Deletion of region from −553 bp to −353 bp was obtained by overlap extension PCR using the primers in Supplementary Table S2. (n = 4, * P < 0.05, * * P < 0.01.) Fig. 3 , strength of P-553 was greatly improved, and similar to the strength of P-803 or P-353, compared with that of P-553.
We also conducted experiments with the P-553 promoter under conditions of different carbon sources and different glucose concentrations to determine the trends of fluorescence intensities. As for different glucose concentrations, in spite of the existence of catabolite repression in the P-553 promoter, the repression was observed to be remarkably decreased due to the deletion of repression sites located in the region from −553 bp to −353 bp (Figs 2b and 3) ; In particular, the inductive effect of inulin in the P-553 promoter was not very obvious compared with other KmINU1 promoters (Figs 2a and 3) .
Effect of transcription factor MIG1 on KmINU1 promoter strength
To test the possible role of transcription factor MIG1, which is located at position −496 to −485 in the KmINU1 promoter, directed mutagenesis was conducted in the putative Mig1 binding domain to measure the strength of mutated promoter in S288C. As is shown in Fig. 4 , the strength of the mutant promoter Pmig1-553 was greatly higher than that of P-553, and the fluorescence intensity achieved was 2 times higher than P-553 at 36 h, which was similar to the intensity of P-353. Additionally, similar results were found for the different conditions (Supplementary Table S3 ): induction of the P-mig1-553 promoter by inulin was still found as previously (compare Fig. 2 and Supplementary Table S3 ), and like the P-353 promoter, P-mig1-553 al- leviated the influence of glucose repression (compare Fig. 2 and Supplementary Table S3) . In this study, another directed mutagenesis at the position from −162 to −151 bp was carried out to inactivate another Mig1p binding site, followed by measurement of the changes of promoter strength under various conditions (Supplementary Table S3 ). Mutation at the position from −162 to −151 bp showed an obvious decline in strength, instead of an improvement.
Determination of the minimal constitutive region of the KmINU1 promoter
To confirm the minimal promoter of KmINU1 without any regulatory elements, the previous promoter with the length of 353 bp (P-353) was further truncated (Fig. 5) . Two possible minimal constitutive promoters of KmINU1 were predicted by in silico analysis ( Supplementary Fig. S1 ), which were then taken as the boundary to construct four plasmids (pJQ07-pJQ10) with promoters of different lengths (−353∼−271, −353∼−221, −353∼−160 and −353∼−110) as shown in Fig. 5 and Supplementary  Fig. S1 .
Likewise, the four vectors with eGFP were then transformed into S. cereviase S288C to conduct the fluorescence assay in 20 g/l YPD. Maximum fluorescence intensities are shown in Fig. 5 . The first fragment without any putative minimal promoter (−353∼−271) and the second fragment with only one putative minimal promoter (−353∼−221) did not embrace any strength; a relatively weak fluorescence intensity was observed in S288C containing plasmid pJQ09 with the third fragment (−353∼−160); the fourth fragment with both putative minimal promoters (−353∼−110) showed the basic strength, which was similar to the 1053 bp promoter and slightly lower than that of the P-353 promoter. Therefore, the region extending from −271 to −110 bp in the KmINU1 promoter may achieve the fundamental functions of the whole promoter to obtain a relatively high strength, containing the putative TATA box of the KmINU1 promoter at the position from −260 to −254 bp ( Supplementary  Fig. S1 ). -1053, P-803, P-553, P-553, P-mig1-553, P-353, P-173, P-353-110, P-353-160, P-353-221 and P-353-271 . All the experiments were carried out in 20 g/l YPD containing 100 μg/ml G418 at 30 o C and 150 rpm under aerobic conditions. (n = 4, * P < 0.05, * * P < 0.01.)
DISCUSSION
Inulinase has a wide range of applications in the field of food processing and bioenergy. The non-conventional yeast K. marxianus Y179 has been considered to be a highly efficient inulinase producer (Zhang et al. 2003; Gao et al. 2015) . Therefore, the inulinase promoter can strongly activate gene transcription under regular fermentation conditions, and could have great potential in high target protein expression if we had a better understanding of its regulatory mechanisms. Firstly, the inulinase promoter is regulated by various types of carbon sources, like its counterpart, invertase (encoded by SUC2), in S. cerevisiae (Yang et al. 2015) . It was of interest that levels of induction for four promoters were distinctively different when using inulin as the carbon source (Fig. 2a) . Previously, a positive acting transcription factor, InuR, related to induction by inulin and sucrose was identified in Aspergillus niger (Yuan et al. 2008) . In spite of the differences in species, a similar transcription factor was believed to exist in K. marxianus, because the putative DNA binding sites of InuR match our experimental results well. Generally, significantly more putative domains of InuR in the region of the KmINU1 promoter extending from −1053 to −803 bp resulted in an enhanced inductive strength ( Fig. 2a and Supplementary Table S3 ). Interestingly, several putative domains of InuR were detected within the P-353 promoter (Supplementary Table S4) , and the induction effect was also observed in the results of Fig. 2a , which might be a reasonable explanation of the partial release of glucose repression for the KmIUN1 promoter with the length of 353 bp. These findings suggest a possible approach to increasing the strength of KmINU1 promoters by identification of an InuR-like transcription factor in both S. cerevisiae and K. marxianus for high levels of protein expression when using inulin as the sole carbon source in the future.
Secondly, strength of KmINU1 promoters was completely or partially repressed by high glucose concentrations (Fig. 2b) . However, the higher strength indicated that the P-353 promoter might achieve relief of glucose repression to a large extent, and the promoter with enhanced strength under conditions of high glucose concentrations may have great potential for application in heterologous overexpression of genes.
Finally, the repressive region in the KmINU1 promoter has been proved to extend from −553 to −353 bp, which was further confirmed as the binding sites of the transcription factors Mig1p (encoded by gene MIG1) by directed mutagenesis (Figs 3  and 4) . Taking the low strength of P-553 as a clue, the promoter with the region deleted (P-553) showed an enhanced strength, which further proved our previous inference. Interestingly, the loss of induction by inulin in the P-553 promoter might be attributed to the absence of related regulatory elements like InuR (Supplementary Table S4 ). On this basis, we tried to analyze the effect of mutagenizing the putative Mig1 binding sites that lie in a GC-rich motif in the promoter to regulate the expression of the specific genes (Lundin, Nehlin and Ronne 1994; Cassart et al. 1997; Yuan et al. 2006; Zhou et al. 2014) . One of the binding domains of Mig1p predicted by in silico analysis is located at the position from −496 to −485 bp in the KmIUN1 promoter ( Supplementary Fig. S1 ), and the enhanced strength of the mutated promoter (Fig. 4) helped us to confirm that repressive effects by glucose in the KmINU1 promoter are related to the Mig1 repressor at position from −496 to −485 bp. Surprisingly, another binding site of Mig1 was also observed, extending from −162 to −151 bp, as in other K. marxianus species (Cassart et al. 1997) . The reduced strength of the mutation at the position from −162 to −151 might be the consequence of disruption of the core elements in the promoter (Supplementary Table S3 ). Invalidation of the P-mig1-353 promoter also demonstrated that the site from −496 to −485 was the only functional domain involved in binding to Mig1p.
In a word, our work provides clear regulatory mechanisms for the enhancement of start strength of the inulinase promoter by carbon sources, which may achieve wide application in intensive protein expression for industrial biotechnology. Actually, adoption of the inulinase promoter to express various proteins has been very widely used and extremely influential (Supplementary Table S5 ). In addition to the advantages of high strength and an easy-to-use signal peptide sequence for extracellular protein expression as previously described (Bergkamp et al. 1993; Hong et al. 2015) , our proposed inulinase promoter with the length of 353 bp (P-353) showed the highest strength with the weakest responses to high glucose concentration, and the well-controlled expression of multiple proteins broadens its biotechnological benefits in the long run.
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